Mixed models have become the tool of choice for genetic association studies; however, standard mixed model methods may be poorly calibrated or underpowered under family sampling bias and/or case-control ascertainment. Previously, we introduced a liability threshold based mixed model association statistic (LTMLM) to address case-control ascertainment in unrelated samples. Here, we consider family-biased case-control ascertainment, where cases and controls are ascertained non-randomly with respect to family relatedness. Previous work has shown that this type of ascertainment can severely bias heritability estimates; we show here that it also impacts mixed model association statistics. We introduce a family-based association statistic (LT-Fam) that is robust to this problem. Similar to LTMLM, LT-Fam is computed from posterior mean liabilities (PML) under a liability threshold model; however, LT-Fam uses published narrowsense heritability estimates to avoid the problem of biased heritability estimation, enabling correct calibration. In simulations with family-biased case-control ascertainment, LT-Fam was correctly calibrated (average χ 2 = 1.00), whereas Armitage Trend Test (ATT) and standard mixed model association (MLM) were mis-calibrated (e.g. average χ 2 = 0.50-0.67 for MLM). LT-Fam also attained higher power in these simulations, with increases of up to 8% vs. ATT and 3% vs. MLM after correcting for mis-calibration. In 1,269 type 2 diabetes cases and 5,819 controls from the CARe cohort, downsampled to induce family-biased ascertainment, LT-Fam was correctly calibrated whereas ATT and MLM were again mis-calibrated (e.g. average χ 2 = 0.60-0.82 for MLM). Our results highlight the importance of modeling family sampling bias in casecontrol data sets with related samples.
Introduction
Mixed models have become the tool of choice for genetic association studies [1] [2] [3] [4] , and the challenges caused by case-control ascertainment in studies of unrelated individuals have been understood and addressed [5] [6] [7] . In addition, the advantages of mixed model association in studies with related individuals are widely recognized 8 . However, none of those studies considered the consequences of family-biased case-control ascertainment, in which cases and controls are ascertained non-randomly with respect to family relatedness. Previous work has shown that family-biased ascertainment can severely bias heritability estimates 9; 10 , but the consequences for mixed model association have not previously been investigated. We show that family-biased case-control ascertainment leads to severe biases in mixed model association statistics, and propose a new liability threshold mixed model association statistic for family-based case-control studies (LT-Fam) that is robust to this problem.
In our previous work 
Materials and Methods

Overview of Method
The LT-Fam method consists of three main steps. First, a genetic relationship matrix (GRM)
is calculated and then restricted to include only relationships between related individuals by changing GRM entries below a threshold to 0. The narrow-sense heritability is either assumed to be known, or can be estimated in settings without family-biased ascertainment (see Estimation of Narrow-sense Heritability). Second, Posterior Mean Liabilities (PML) are estimated using a To better understand the need to account for family-biased ascertainment it is helpful to consider a toy example. Figure 1 depicts (A) the conditional probabilities of being a case given that an individual's sibling is a case and (B) the probability of being a case given that an individual's sibling is a control, assuming a 100% heritable trait under a liability threshold model at different values of disease prevalence. Thus, the conditional probability of being a case or a control can be heavily influenced by the disease status of an individual's relative(s), depending on disease prevalence.
Estimation of Narrow-sense Heritability
Estimating an appropriate heritability parameter is an important step in mixed model association analysis . In studies of related individuals the appropriate heritability parameter is the heritability explained by all genetic variants under an additive model (narrow-sense heritability) h 2 . 8; 9; 11 In studies of unrelated individuals the appropriate heritability parameter is the heritability explained by genotyped SNPs under an additive model (SNP-heritability) h g 2 (ref. [3] [4] [5] ), which is generally smaller than h 2 . In studies with cryptic relatedness, the appropriate heritability parameter (called "pseudo-heritability" by ref. 1 ) may lie in between h g 2 and h 2 . Since the current work focuses on related individuals, the appropriate heritability parameter is the narrow-sense heritability h 2 .
Standard mixed model association methods generally build a genetic relationship matrix (GRM) from genotype data and then estimate a heritability parameter from the phenotypes using restricted maximum likelihood (REML) [1] [2] [3] 13 . An individual is a disease case if the liability exceeds a specified threshold t, corresponding to disease prevalence and a control if the individual has liability below t.
We construct a thresholded GRM
where X is a matrix of SNPs normalized to mean 0 and variance 1 and M is the number of SNPs.
We use a threshold of c=0.05, as in our previous work 9 .
The phenotypic covariance between individuals is modeled as
where I is the identity matrix. 
Posterior Mean Liabilities
The procedure for estimating PML is similar to our published LTMLM method 5 , although the underlying GRM and h 2 parameter are different (see Estimation of Narrow-sense Heritability), as is the way in which the PML is used to compute an association statistic (see LT-Fam Association Statistic).
We first consider the univariate PML (PML uni ), constructed independently for each individual; we generalize to the multivariate setting below. As described in equations 11 and 12 of ref. 16 , these correspond to the expected value of the liability conditional on the case-control status:
These values are calculated analytically in the univariate setting, and can be thought of as the mean of a truncated normal above or below the liability threshold t depending on case-control status 16 .
We now generalize to the multi-variate case:
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The PML multi for each individual is conditional on that individual's case-control status, every other individual's case-control status, and on the matrix V thresh . We estimate the PML using a Gibbs sampler, sampling each individual's liability conditional on the remaining parameters from a truncated multivariate normal distribution. We use 100 burn-in iterations followed by 1,000
additional MCMC iterations, and estimate the PML multi by averaging over MCMC iterations via Rao-Blackwellization. A summary of the Gibbs sample algorithm is provided below (further details are provided in the LTMLM manuscript 5 ):
Initialization: for each individual i,
LT-Fam Association Statistic
The LT-Fam association statistic is a modification of the LTMLM statistic, 5 instead using narrow-sense heritability estimates and ࢨ to control for family-biased ascertainment. The method uses a retrospective association score statistic assuming a liability threshold model. For simplicity, we first consider the case where the liability is known.
We jointly model the liability and the genotypes using a retrospective model, enabling appropriate treatment of sample ascertainment. The score statistic of the joint retrospective model is then (see ref. 5 for a detailed derivation):
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In comparison the ATT, MLM, LTMLM statistics are formulated as: 
Simulated Genotypes and Simulated Phenotypes
We performed simulations using simulated genotypes and simulated phenotypes, all involving N/2 sibling pairs. Three different sibling ascertainment schemes were considered: casecontrol ascertainment without family bias (unbiased), all concordant siblings, and all discordant siblings. Under each simulation scenario approximately 50% cases and 50% controls were ascertained and 100 separate simulations were run. In runs with N = 5,000 a random set of 100
SNPs were set to be causal, and for N = 1,000 a random set of 20 SNPs were set to be causal. All simulations included M candidate SNPs (M = 50,000 or 10,000) and an independent set of M SNPs used for calculating the GRM (so that candidate SNPs were not included in the GRM).
Half of the causal SNPs were candidate SNPs and the other half were GRM SNPs. Siblings were simulated by generating genotypes of parents for each sib pair, and 25 blocks of SNPs from each peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Case-control ascertainment (50% cases and 50% controls) was performed using ascertainment probabilities based on the disease prevalence f, as follows. Under the unbiased scheme all case-case siblings were retained, case-control siblings were retained with probability f* (1-f) , and control-control siblings were retained with probability [f* (1-f)] 2 . For the concordant scheme, N/4 sibling pairs were case-case and N/4 sibling pairs were control-control. For the discordant scheme, all N/2 sibling pairs were case-control.
The true value of h 2 was set to 0.50 in all simulations. The LT-Fam statistic assumes this parameter to be known (except in the unbiased simulation, in which the H-E-regression estimate is used 14; 15 ). However, we also performed simulations in which h 2 is incorrectly specified to LTFam.
We also performed simulations with shared environment. The environmental term is sampled from a bivariate distribution:
The correlation between siblings was set to ρ = 0.75, and the environmental variance was set to estimate from the full sample using the thresholded GRM (after transformation to liability scale).
We also ran LT-Fam with mis-specified h 2 values ranging from 0.25 and 0.75. All analyses assumed a disease prevalence of 8%, corresponding to a liability threshold of 1.405.
Results
Simulated Genotypes and Simulated Phenotypes
We first conducted simulations of sibling pairs using simulated genotypes and simulated case-control phenotypes at different values of disease prevalence under three ascertainment schemes: unbiased, concordant siblings and discordant siblings (see Materials and Methods).
We compared the performance of ATT, MLM, LTMLM and LT-Fam. We chose these statistics because a previous study reported that MLM performs at least as well as other methods in family-based association studies 8 (although that study did not consider family-biased peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Although LT-Fam relies on knowledge of the correct h (Table S4) .
CARe Genotypes and T2D Phenotypes
We analyzed 7,088 individuals (1,269 type 2 diabetes cases and 5,819 controls) from the African-American CARe cohort genotyped on genome-wide arrays (see Materials and Methods).
We analyzed the full data set and 6 downsampled data sets with family-biased ascertainment: 3 with concordant relatives and 3 with discordant relatives (see Materials and Methods). Results for ATT, MLM, LTMLM, and LT-Fam are displayed in Table 3 . In the full data set, LT-Fam, MLM and LTMLM were close to correctly calibrated (we note that average χ 2 slightly larger than 1 may be due to true causal effects 19 ) whereas ATT was slightly inflated, as expected due to the family structure in this data. In the concordant relative data sets, LT-Fam was close to
correctly calibrated while MLM was deflated (e.g. average (Table 1 and Table S1 ).
We determined that h 2 estimates from both REML and H-E regression were biased in the downsampled data sets (Table S5) , which explains the mis-calibration of MLM statistics in Table   3 . Specifically, h 2 was overestimated in the concordant relative data sets, and incorrectly estimated to have value 0 in the discordant relative data sets (which causes the MLM statistic to become identical to ATT), just as in our simulations (Table S2) .
Discussion
We have introduced LT-Fam, a liability threshold mixed model association statistic for family-based case-control studies. In analyses of both simulated concordant/discordant sibling studies and real CARe T2D samples, we have demonstrated that existing association statistics are mis-calibrated under family-biased ascertainment, and that LT-Fam is properly calibrated and attains higher power in some settings.
Initial work on association statistics for family-based case-control studies includes MQLS 20 and ROADTRIPS. 21 A recent study determined that standard mixed model association methods 1; 2 perform at least as well in most settings, however, a key advantage of MQLS and ROADTRIPS is that they take advantage of all phenotype information, even for individuals that have not been genotyped. More recently, LTMLM, 5 LEAP, 6 and CARAT 12 (which employ similar ideas) have been developed to address the challenges caused by case-control peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Despite its effective modeling of family-biased ascertainment, LT-Fam has several limitations. First, LT-Fam requires published estimates of h 2 from the literature; however, we demonstrated that the method is robust to mis-specification of this parameter (Table S4) 24 We nonetheless anticipate that LT-Fam will be a valuable tool in association studies with familybiased case-control ascertainment. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/046995 doi: bioRxiv preprint first posted online Apr. 5, 2016; Figure 1 cont. being a case given that individual's sibling is a case and (B) the probability of being a case given the individual's sibling is a control. The dotted line is the disease prevalence plotted against itself.
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